Hemocompatible materials are needed for internal and extracorporeal biomedical applications, which should be realizable by reducing protein and thrombocyte adhesion to such materials. Polyethers have been demonstrated to be highly efficient in this respect on smooth surfaces. Here, we investigate the grafting of oligo-and polyglycerols to rough poly(ether imide) membranes as a polymer relevant to biomedical applications and show the reduction of protein and thrombocyte adhesion as well as thrombocyte activation. It could be demonstrated that, by performing surface grafting with oligo-and polyglycerols of relatively high polydispersity (>1.5) and several reactive groups for surface anchoring, full surface shielding can be reached, which leads to reduced protein adsorption of albumin and fibrinogen.
Introduction
Highly hydrophilic polymers such as oligo-and poly(ethylene glycol)s (OEG, PEG) and zwitterionic structures such as phosphorylcholine-, carboxybetaine-and sulfobetaine-based compounds have been investigated intensively for surface functionalization, 1,2 as they show very promising results by reducing protein and cell adhesion in ideally at model surfaces such as gold or glass, 3, 4 when graed on smooth polymers, 5 and as particle coatings. 6, 7 As cell adhesion in many cases is protein mediated, lower protein adsorption simultaneously might lead to lower cell adhesion. Protein adsorption is reduced with increasing graing density and with increasing PEG chain length. However, the graing density generally decreases with the chain length. [8] [9] [10] Another interesting observation is the quite different performance of graed linear and star-shaped PEGs.
11
It could be shown that linear PEGs are obviously more effective in shielding a smooth surface and reducing protein adsorption than branched derivatives, which was related to the positioning of the center of mass of the graed chains. If this center is too far above the surface, any protein passing the PEG chain acting as a diffusion barrier will be trapped below the shield.
These experiences from smooth surfaces do not appear to be transferable, however, to rough surfaces, which may have higher relevance in certain applications such as membranes in biomedicine. This is because 3D and not 2D structures have to be functionalized, which additionally have a lower number of reactive groups per surface area compared to gold or glass. In fact, in previously reported experiments, shorter OEGs covalently graed onto the surface of poly(ether imide) (PEI) membranes resulted in better surface shielding than the larger PEGs.
12 Though the adsorption of albumin could be reduced, there was no strong inuence on thrombocyte adhesion by surface functionalization, and no difference between -OH or -OMe terminated species was found. 12 Graed linear, sidechain methylated oligoglycerols behaved similarly. 13 In the literature, oen only the reduction of albumin adsorption aer membrane functionalization was reported, with results similar to the ones described above, 14 which indicates that albumin is an inadequate predictor for the different but also interlinked adhesion patterns of blood plasma proteins. 15 We hypothesized that branched oligo-or polyethers with several functional groups for potential coupling to the surface can be effective for surface functionalization of rough surfaces by multivalent attachment of the oligo-and polyethers. In this way, a better surface shielding and stable spreading of the oligoethers on the surface was targeted, simultaneously shiing the center of mass closer to the surface than has been reported for branched PEGs.
11 Furthermore, we hypothesized that functionalization with molecules of different sizes yields a better surface shielding than with polymers of low polydispersity, like tiling a oor with polygons of different sizes and shapes.
Therefore, hyperbranched oligoglycerols (hOG) and polyglycerols (hPG) 16 were selected as polyethers for functionalization of PEI membranes. PEI has high potential for biomedical applications, as it is non-toxic, steam sterilizable, and moreover can be functionalized by nucleophiles under aqueous conditions. hOG and hPG have been shown to be more resistant to heat 17, 18 and oxidation 13 than OEG and PEG, as well as they resist protein adsorption equally well. 19 The synthetic access to hOG and hPG with a polydispersity above 1.5 (ref. 20) allows variation of the molecular weight as well as the end group functionality, two important aspects for protein resistant properties of the functionalized surfaces.
In the following, the formation of PEI membranes and their surface functionalization with several aminated hOG and hPG will be described and compared to non-functionalized PEI-0, alkaline treated PEI pH 11 and a PEI membrane functionalized with a linear, side chain methylated OG (OG-OMe). The end group functionalities (OH or OMe) of hOG (M n ¼ 2000 g mol À1 )
and hPG (M n ¼ 5000 g mol À1 ) were varied, and their solution structures were studied by small angle X-ray scattering (SAXS). The surface functionalization was determined by FT-ATR-IR and XPS, while shielding of the bulk material surface through functionalization was investigated by contact angle measurements and streaming potential measurements. Functionalized PEI surfaces are known to be structured in three layers, the top layer of the introduced group, an intermediate layer formed by free carboxylic acid functions produced during the surface functionalization, and the bulk polymer. Protein adsorption on the membranes was quantied in an indirect bicinchoninic acid (BCA) assay as well as investigated by direct immunostaining aer contact with blood plasma. The adhesion of human thrombocytes was visualized and quantied in terms of the number of adherent thrombocytes per square mm and the thrombocyte covered area in a static assay. The thrombocyte covered area was related to the activation state of the thrombocytes.
Experimental

Materials
All solvents and low molecular weight substances were purchased from Merck KGaA (Darmstadt, Germany), Sigma (Steinheim, Germany) or Sigma-Aldrich (Munich, Germany) and applied as received, unless otherwise mentioned. PBS buffer was purchased from Sigma Aldrich (8.0 g L À1 NaCl, from Roth, Karlsruhe, Germany). IR spectra were recorded on a Nicolet Avatar 32 FT-IR with a Smart iTR accessory. Molecular weights were determined using a GPC (Agilent 1100 Series) including a UV detector (254 nm) as well as a refractive-index detector in comparison to pullulane standards.
hOG and hPG were synthesized by one-step anionic ringopening polymerization starting from 1,1,1-tris(hydroxymethyl)-propane partially deprotonated (10 mol%) with potassium methylate solution (3.7 M in methanol) and glycidol to give compounds with a molecular weight of 2 kDa (hOG; M n ¼ 2.0 kDa, M w ¼ 3.1 kDa) or 5 kDa (hPG; M n ¼ 4.8 kDa, M w ¼ 8.3 kDa). Then, the hyperbranched glycerols were reacted with mesylchloride (5 mol%) in pyridine, washed, dried, and dialyzed to quantitatively yield a brown, honey-like substance. Mesylated hOG or hPG was dissolved in DMF and reacted with sodium azide (5 eq.) to give oligo-or polyglycerylazide. For the synthesis of the methylated compounds, the oligo-or polyglycerolazide was reacted with methyl iodide, yielding degrees of methylation of 61 mol% (hOG-OMe) and 88 mol% (hPG-OMe). The methylation leads to a calculated increase of the molecular weight to 2.2 kDa (hOG-OMe) and 5.4 kDa (hPG-OMe). Catalytic hydrogenation of the azide groups of the hydroxy-or methoxy oligoand polyglycerols with Pd/C gave the corresponding amine functionalized polyglycerols.
Linear, side chain methylated, mono amino terminated oligoglycerol (OG-OMe) was synthesized by anionic polymerization. As an initiator potassium-tert-butoxide was reacted at 90 C with N,N-dibenzyl-3-aminopropan-1-ol in dry dimethoxyethane the formed tert-butanol and solvent were distilled off. The glycidyl methyl ether was dissolved in dimethoxyethane, added to the initiator and polymerized under an argon atmosphere at 90 C overnight. Polymerization was quenched by the addition of water. Aer removal of the solvent, the polymer was precipitated in diethyl ether. Finally, the benzyl groups of N,Ndibenzyl-3-aminopropan-1-ol were hydrogenated to give the amino function by treatment with 10 wt% Pd/C in methanol at 5 bar hydrogen pressure for 48 h. The crude product was ltered through Celite to give yellow-orange oil. A detailed characterization of hOG, hPG, and OG-OMe can be found in the ESI. † and solvent scattering were subtracted from the sample scattering. The scattering vector q, dened as q ¼ 4p/l sin q where q is the scattering angle and l the wavelength of the radiation, varied in the 0.1 to 6.0 nm À1 range.
Membrane fabrication and functionalization
Theoretical descriptions of the interpretation of the SAXS measurements are given in the ESI. † Samples of all membranes were analyzed by FT-ATR-IR spectroscopy (MagnaIR™ Spectrometer 550, Nicolet, Thermo Fisher Scientic, Waltham, MA, USA). The spectra were normalized to the signal of the C]O stretching vibration at 1720 cm
À1
. Functionalized and non-functionalized membrane samples were analyzed by X-ray induced photoelectron spectroscopy (XPS) (15 kV X-ray gun, monochromatic Al K a radiation, pass energy for region scan 20 eV, charge compensator, Kratos Axis Ultra DLD, Kratos-Analytical-Ltd., Manchester, United Kingdom). The photoelectrons were detected at different exit angles of 0 , 45 and 60 . All spectra were analyzed using so-ware CasaXPS™ (Version 2.3.14, Casa Soware Ltd., Teignmouth, United Kingdom), applying a single Shirley-Gauss algorithm to smoothen the signals if necessary and using Gauss shaped integrals to t the signal shape for carbon (C1s) (C-C/C-H/C]C 284.6 eV; C-N/C-O 286.2 eV; amide 287-288 eV; imide 288.3 eV; carboxylic acid 298 eV; p / p* shake-up 291.2 eV; additional signals if necessary) and oxygen (O1s) (O]C 531.7 eV, O-C 533.2 eV; amide 534-535 eV; p / p* shake-up 538 eV; and additional signals).
Contact angle measurements.
Contact angle measurements were performed with a DSA 100 (KrüssOptronic GmbH, Hamburg, Germany) using the captive bubble method in a water-air system (3 positions per sample, n ¼ 26-30 values in total per sample).
The roughness of the native and the functionalized PEI membranes was characterized by atomic force microscopy (AFM, tapping mode, NanoScope, Veeco, Mannheim, Germany) in PBS buffer. Surface areas of 1, 10, and 50 mm 2 were investigated for all membranes. Three different areas from three different samples were analyzed for each functionalization to predict the roughness homogeneity. Values for R a (arithmetic average of absolute roughness values) and R q (root mean squared roughness) in nm were calculated. 2.3.3 Tangential streaming potential. Tangential streaming potential measurements were performed using the Microslit Electrokinetic Setup (MES, ZetaSCIENCE GmbH, Dresden, Germany), equipped with a at plate measuring cell.
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Measurements were carried out at 22 AE 2 C with aqueous 0.001 M KCl solutions. Aer insertion into the cell body, the equilibration was completed with freshly prepared 0.001 M KCl solution until constant pH and conductivity were observed. Aerwards, the pH was changed stepwise in about 0.1 units (3 pH runs from $8 / 3 / 9 / 3) by addition of 0.1 M KOH or HCl, respectively. The zeta potential z was calculated from streaming current dI/dp data (z I ). The calculations are based on a linear regression of data sampled at 5 pressure steps in each ow direction between 60 and 120 mbar along the channel. Immunochemical labeling of surface adsorbed albumin and brinogen (mouse monoclonal anti-human albumin antibody labeled with DyLight 488 and goat polyclonal anti-human brinogen antibody labeled with Cy3, Dianova GmbH, Hamburg, Germany) was performed aer sample discs (Ø ¼ 13 mm) were treated with human thrombocyte rich plasma (1 h in a humidied atmosphere, 5 vol% CO 2 ). Paraformaldehyde xed (4 wt% in phosphate buffered saline) and stained samples were processed with a confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss MicroImaging GmbH, Jena, Germany; 100 fold primary magnication).
2.4.2 Thrombocyte adhesion and activation. According to the criteria of the Nordkem-workshop and the guidelines of the British Committee for standards in Haematology (BCSH) and International Society on Thrombosis and Haemostasis (ISTH), 22, 23 blood was obtained from apparently healthy subjects, who did not take any thrombocyte function inhibitors or other pharmaceuticals for at least 10 days. The study has been designed according to the current guidelines of the British committee for standards in hematology 24 and was evaluated and approved by the institutional review committee before the start of the study. Hemogram values (e.g. numbers of red-and white-blood cells, hemoglobin, and hematocrit) were determined to be within the reference ranges. An adequate thrombocyte function was proven by assessing the reactivity of sodium citrate anticoagulated thrombocytes on equine type I collagen and epinephrine bitartrate as well as equine type I collagen and adenosine-5 0 -diphosphate (ADP) with the Dade ® PFA-100 thrombocyte function analyzer (Siemens Healthcare Diagnostics, Marburg, Germany).
22,25
Static thrombocyte adhesion tests were carried out in a 24-well plate format with 1 mL of adjusted thrombocyte rich plasma (5 Â 10 4 thrombocytes per mL) per sample (Ø ¼ 13 mm, n ¼ 3 per donor, six donors, incubated for 1 h in a humidied atmosphere, 5 vol% CO 2 ). Glutaraldehyde (1 wt% in Millipore water) was used to x and visualize the adherent thrombocytes (glutaraldehyde induced uorescence technique, GIFT). 26 All samples were examined at the same predened position using a confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss MicroImaging GmbH, Jena, Germany; 100 fold primary magnication). Numbers and areas of adherent thrombocytes were determined by an image-based automated process and averaged for each donor.
27 Reported values display the arithmetic mean of adherent thrombocytes or covered areas from six analyzed donors (standardized by adjusting the number of adherent thrombocytes per microscopic eld of view to mm 2 , irrespective of material roughness or topography). Medical grade silicone (Bess Medizintechnik GmbH, Berlin, Germany) was used as a negative control to monitor the physical functions of the platelets. Gaussian distributions were tested using Kolmogorov and Smirnov tests. For repeated measures one-way ANOVA tests were performed considering p-values less than 0.05 as signi-cant (Tukey adjusted).
Results and discussion
The aminated hOG and hPG (Fig. 1a) were synthesized by rst establishing the hyperbranched oligo-or polyglycerol structure, 28 followed by partial mesylation (5 mol% of the hydroxyl groups), subsequent conversion of the mesyl groups to azide groups, and nally reduction to the free amines. 29 The last step is quantitative as determined by IR spectroscopy. The methylated compounds were obtained by treating the oligo-or polyglycerolazides with methyl iodide prior to the reduction step. The degree of functionalization was determined by 1 H NMR spectroscopy and was 61 mol% for hOG-OMe and 88 mol% for hPG-OMe. The solution structures of the hOG and hPG can have an important impact on their diffusibility, inuencing the surface functionalization kinetics. Therefore, the solution structures were investigated in mixtures of water (as good solvent) and acetone (as non-solvent) with ratios of 1 : 0, 1 : 1, and 1 : 3 with SAXS in the nanoscale range of p/q max ¼ 0.5 nm to p/q min ¼ 35 nm. The SAXS patterns of hOG-OH, hPG-OH, and hPG-OMe are typical for the scattering of branched polymers shown as solid lines in ESI Fig. S2 , † in which the data are in good agreement with the model. The radii of gyration decrease with an increasing amount of acetone from 1.31 nm to 1.10 nm for hOG-OH and from 1.79 nm to 1.49 nm for hPG-OH. This corresponds to a decrease of the excluded volume parameter from 0.58 to 0.37 for hOG-OH and from 0.65 to 0.37 for hPG-OH. These decreases indicate a change from a solution structure of a polymer in a good solvent to a largely collapsed polymer chain. In contrast, the radius of gyration in the case of hPG-OMe decreased from 11.83 nm to 3.62 nm. These values and the large extent of the reduction of R g are much too large for single polymer chains with a molar mass of 5000 g mol À1 , and can be explained if clusters of ca. 5 to 10 polymer chains are formed in water. This is in accordance with the excluded volume parameter decreasing from 0.89 to 0.75. Such high values close to 1 are characteristic of polymers in stretched conformations, which can here be tentatively explained by a structure that resembles an expanded string-of-pearls.
Surface functionalization
In the next step, different hOG and hPG were used for surface functionalization of PEI membranes, and the effectivity of the reaction was investigated by studying the membrane surface before and aer functionalization in the dry (FT-IR, XPS) as well as the wet state (contact angle, streaming potential measurements). The surface functionalization was performed at pH 11 and 70 C, as these conditions were shown to maximize the functionalization reaction without leading to changes in the surface structure in earlier experiments. 30 The PEI membranes were produced by continuous non-solvent induced phase separation. In this way, a free standing, non-woven free membrane was produced. In SEM, the produced membrane showed an asymmetric morphology, with small pores <10 nm on the upper side and larger pores >500 nm on the bottom side (ESI Fig. S1 †) . The surface roughness of the upper side was determined by AFM (ESI Table S1 †). Only the upper side of the membrane was used in the further experiments for characterizing the surface functionalization and thrombocyte adhesion. The membranes did not contain extractable solvent residues as shown by GC analyses. A schematical view of the surface functionalization is shown in Fig. 1b . The surface functionalization step with hOG did not change the membrane morphology (see ESI Fig. S1 †) or surface roughness (see ESI Table S1 †).
The surface functionalization was investigated by spectroscopic methods proving the presence of hOG and hPG, respectively. In FT-ATR-IR spectroscopy (Fig. 2 ) additional peaks were observed at 1000-1200 cm À1 (C-O-C stretch), 1500-1700 cm À1 (amide I and II) and 2800-3800 cm À1 (C-H stretch of CH 2 -groups) aer functionalization. Furthermore, spectra of the hydroxyl terminated hOG/hPG showed an additional IR vibration band at 3100-3800 cm À1 , but no different intensities were observed for the other bands compared to the spectrum of methylated compounds with the same molecular weight. hPG showed increased signals compared to hOG at the wavenumbers corresponding to the ethylene glycol units (1000-1200 and 2800-3100 cm À1 ), suggesting a thicker layer of hPG than of hOG. In comparison to the hyperbranched structures, the linear OG-OMe functionalized PEI membranes showed the introduction of the oligoglycerol by similar IR vibration bands, as above, due to the similar structure, but with a reduced intensity of the signals. This indicates a higher graing density of the hyperbranched structures than of the linear structures, which could be related to the molecular structure enabling multivalent binding. The multivalent binding which occurred is supported by a degradation experiment, in which crosslinked structures remained aer functionalization with the hyperbranched glycerols, while full dissolution was observed aer functionalization of PEI with linear structures. XPS analyses of the hOG, hPG, or OG-OMe functionalized PEI membranes were performed as a surface sensitive method giving additional information on the covalent attachment. In accordance with earlier experiments, 31 the angle between the detector and the surface was varied from 0 to 75 to increase the number of photoelectrons related to the surface of the sample and therefore to enable the analysis of the introduced thin surface layers. A change of the quantitative elemental composition conrmed the surface functionalization of the PEI membranes with hOG/hPG. The oxygen content was increased, while a reduction of the carbon content was detected (ESI, Table  S2 †). Interestingly, no clear alteration between the different investigated detector angles was observed. In the case of the methoxylated compounds, the measured elemental composition corresponds to the calculated composition of hOG/hPG, while for hydroxy terminated hOG/hPG the determined values were between the calculated composition of the hyperbranched structure and PEI (see ESI for all values †).
The surface coverage could be veried by the analyses of the chemical composition in the XPS region scans of the functionalized PEI membranes (ESI, Table S3 †). Here, the C-O/C-N signals at approximately 286.4 eV were strongly increased compared to pure PEI-0 and alkaline treated PEI-pH 11. These observations were in accordance with the nding of the strongly increased ratio of O-C bonds ($533.2 eV) in the C1s region scans. The covalent binding of the oligo-and polyethers could be observed in the appearing amide functions in the recorded C1s and O1s spectra. Furthermore, hOG-OMe and hPG-OMe showed an additionally occurring chemical function in the O1s ($533 eV) and partially in the C1s (285 eV) region scan spectra of the XPS being related to the methoxy end groups, which are present in high quantities. The nitrogen signals could not be individually analyzed because of the low signal to noise ratio.
Comparing the dry state physicochemical analyses, the results from the XPS analysis show the surface functionalization reaction to be more effective for methylated hyperbranched structures than for the hydroxy terminated compounds (XPS).
FT-IR analysis proves a higher weight amount of hPG being bound on the surface than of the smaller hOG.
Properties of surface in contact with the aqueous phase
While proving the presence of hOG and hPG on the PEI surface as well as the covalent attachment, the methods measured on dry samples provide no insight into the behavior of the functionalized surfaces under application relevant conditions. Therefore, characterization of wet samples was performed. It was observed that the contact angles varied notably between the untreated, alkaline treated, and surface functionalized membranes ( Table  1) . The hOG or hPG functionalized surfaces had all Q adv values below the Berg limit of 60 and are therefore representing hydrophilic surfaces with low unspecic protein binding capacities, 32 with hPG-OH giving the lowest Q adv value of this group. This observation is likely to be related to good surface shielding, but is also in line with the observation that functionalization with oligomers bearing free hydroxyl end groups showed lower contact angles than methoxy terminated hOG/hPG. 33 This tendency was enhanced for hPG compared to hOG, which can be attributed to the increased amount of terminal hydroxyl functions introduced to the surface. The linear side chain methylated analogue OGOMe included in this study showed a similar contact angle to the methylated hOG and hPG in this analysis. Untreated PEI-0 had the highest contact angles (Q adv ¼ 87 ), while the PEI-pH 11 membranes showed the lowest contact angles (Q adv ¼ 22 ), which can be related to the large number of freely accessible carboxylic acid groups on the membrane. Zeta potential measurements were conducted to study the properties of the interface between the bulk material and solution. In the case of PEI-0 and PEI-pH 11, hydroxide ion adsorption/desorption processes (shown by a continuous decrease of the z potential with increasing pH), deprotonation of carboxylic acids (evidenced by a plateau with constant z in the graph), and imide ring cleavage reactions (identied by a minimum of the curve) were observed. These processes were also seen for hOGOMe, however, the plateau at z I values >0 is likely to be related to the (de)protonation of amino groups rather than carboxylic acids, corresponding to data received from aminated PEI surfaces.
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This corresponds to the higher isoelectric point (IEP) of this functionalized surface compared to the other hOG functionalized membranes and indicates that not all amino groups reacted with imide moieties in the functionalization with hOG-OMe. In contrast, the other hOG and hPG functionalized surfaces (exemplarily shown for hPG-OMe in Fig. 3 ) displayed a basically linear behavior of z I depending on the pH, which correlates with the hydroxide adsorption/desorption as the potential determining mechanism. This can be rationalized by a complete surface shielding through the hyperbranched glycerols, leaving carboxylic acid and imide groups inaccessible (Fig. 3) . This highlights that the strategy of multivalent attachment to yield full surface coverage was successful. Interestingly, the string-of-pearls solution structure of hPG-OMe did not negatively inuence the surface functionalization.
Comparing the physicochemical analyses in the wet state, the surface shielding effect is similar for the hydroxy and methoxy terminated species, which contrasts the dry state investigation suggesting a larger amount of the methoxy terminated species being bound to the surface. However, similar to the dry state investigation, the surface shielding is more efficient with hPG than with hOG. A summary of all physicochemical analyses is given in Table 2 .
Protein adsorption
It was shown that compounds potentially interfering with the following experiments such as chemical residues or endotoxins a PEI-0: untreated PEI membrane; PEI-pH 11: pH 11 treated PEI membrane; hOG-OX: hyperbranched oligoglycerol functionalized PEI membranes, with hydroxyl (X ¼ H) or methoxy (X ¼ Me) end groups. hPG-OX: hyperbranched polyglycerol functionalized PEI membranes, with hydroxyl (X ¼ H) or methoxy (X ¼ Me) end groups (typical error for IEP # AE0.1; z for 20 mV # |z| # 40 mV # AE2 mV otherwise 5%). Fig. 3 z I plot of hOG-OMe ( : run pH 3 / 9; : run pH 9 / 3) and hPG-OMe (-: run pH 3 / 9; C: run pH 9 / 3). For hOG-OMe the plateau between pH 4 and 6 at positive z I values suggest free amino groups, while the pronounced minimum of the curve at pH 7.5 indicates imide cleavage during the measurements, which can be interpreted by some parts of the PEI membrane surface being exposed during the measurements. In the case of hPG-OMe, which is representative also for the other hOG/hPG functionalized surfaces, mainly OH À adsorption was observed, which suggests a complete surface coverage. The lines (grey hOG-OH, black: hPG-OH, compact pH 3 / 9, dashed pH 9 / 3) are added as guides to the eye.
were not present, or that their inuence could be veriably excluded (for details see ESI †).
Protein adsorption on the membranes was quantied for BSA, brinogen, and (for some samples) lysozyme using an indirect measurement with a BCA assay (Fig. 4) . The hOG or hPG functionalized PEI membranes showed a reduced protein adsorption compared to PEI-0 and PEI-pH 11, but also compared to OG-OMe, as well as the previously studied PEGs and OEGs. 12 The lowest amounts were observed for hPG-OH, with less than 3.4 mg cm À2 of adsorbed mass for all tested proteins. Furthermore, there was no notable difference between the adsorption of different proteins on hOG or hPG functionalized surfaces. This negates a signicant inuence of molecular weight or end groups on the protein adsorption for these samples, while differences were observed for the non-functionalized PEI membranes and the OG-OMe functionalized membranes. Especially the positively charged lysozyme would adhere to surfaces with free carboxylic acid groups, most likely because of electrostatic interactions. While the BCA-based method is fast and generally reliable, immunostaining techniques allow for a spatial analysis of the protein adsorption pattern. Therefore, aer contact of the samples with thrombocyte-rich plasma, the samples were stained with uorescently labelled human serum albumin antibodies and human brinogen antibodies. In the case of PEI-0 and PEI-pH 11, albumin was adsorbed to the complete surface area, with some areas displaying larger agglomerates of albumin. The strong staining appears in Fig. 5a as a bright background. In the case of hPG-OH (Fig. 5c) , albumin would only adsorb at some sites forming agglomerates, while large areas did not adsorb any albumin. This can be related to certain not well functionalized areas, e.g. pores. The hOG-OMe and hPG-OMe surface functionalized samples (but not hOG-OH), as well as OG-OMe, behaved in a manner similar to hPG-OH in immunostaining. A comparison of brinogen adsorption on the two samples shows a lower overall brinogen adsorption than for albumin, which is partially related to brinogen's lower concentration in blood than albumin, but also conrms the results from the BCA assay. Furthermore, a more homogeneous adsorption of brinogen was also found on PEI-0, while adhesion to hPG-OH was only observed at selected sites. The protein agglomerates of albumin and brinogen are co-localized, which supports the conclusion of presence of non-functionalized areas such as pores.
The staining behavior of the thrombocytes was enlightening. Thrombocytes are not stained by the anti-albumin antibody in PEI-pH 11, but they are strongly stained in hPG-OH. This observation correlates with the activation state of the thrombocytes, because non-activated thrombocytes are covered with albumin, while activated thrombocytes are not. The different activation states are further evidenced by the different spreading of the thrombocytes seen in the two pictures (Fig. 5) . The lower intensity of the brinogen staining of the thrombocytes on hPG-OH compared to the albumin staining might be related to the fact that brinogen in non-activated 37 Arrows indicate areas with co-localized albumin and fibrinogen.
thrombocytes is predominantly located internally, while albumin is localized on the cell surface. 22, 35 Therefore, the only slightly activated thrombocytes on hPG-OH are stained less intensively than the thrombocytes in PEI-pH 11, which are more activated.
Summarizing the protein adsorption assays, all hOG and hPG functionalized surfaces were similarly effective in reducing protein adsorption, and performed better than PEI-0, PEI-pH 11, and OG-OMe. The functionalization performed here seems to be more effective in providing protein resistance than reported for poly(vinylidene uoride) membranes functionalized with hyperbranched polyglycerols only attached at one site (g-globulin attachment reduced to 25 wt% of the original value) 38 or PEG brushes and network structures on poly-(vinylidene uoride) membranes (adhesion of BSA, brinogen, and g-globulin reduced to 20 wt%).
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While protein adsorption in the literature is generally connected to lower cell adhesion, this is not necessarily the case, 13 and was investigated here by the detailed study of thrombocyte adhesion and activation. Representative confocal laser scanning microscopic images of adherent thrombocytes on PEI-pH 11 and all functionalized PEI membranes are depicted in Fig. 6 . Adherent thrombocytes on all functionalized samples show predominantly low stages of activation (early to intermediate pseudopodial), in contrast, an increased number of strongly activated thrombocytes are present (fully spread) on the PEI-pH 11 membrane (100-fold primary magnication, GIFT staining). On PEI-0, similar results were found as on PEI-pH 11, with a tendency of more spread thrombocytes. The end groups as well as the molecular weight of hOG/hPG obviously did not inuence the thrombocyte activation.
The quantication of adherent thrombocytes on the PEI surfaces (Fig. 7, le) shows similar numbers on all samples with the exception of hOG-OH. A non-complete surface shielding might be the reason here for this observation (see above). It can only be speculated why hOG-OH shows a much higher number of adhering thrombocytes than hOG-OMe, despite the methylation degree of only 61 mol%. One possible explanation might be an improved interaction of the methylated hyperbranched structures on the surface compared to the hydroxyl terminated compounds, resulting in better surface shielding, which is supported by the XPS data. Furthermore, while it was suggested that surfaces displaying -OH groups decrease protein adsorption, there are diverse reports on the inuence of -OH groups on cell adhesion. 40, 41 The smaller number of adhering thrombocytes on hPG-OH compared to hOG-OH could be interpreted due to differences in displaying the -OH groups and molecule dynamics, or by an altered tendency of the surfaces to induce conformational changes of adsorbed proteins, which might lead to the presentation of cryptic epitopes involved in cell Fig. 6 Thrombocytes adhered to PEI-pH 11 and differently functionalized PEI surfaces. In PEI-pH 11 there is a significant number of activated thrombocytes visible, while the thrombocytes adhering to hOGor hPG-functionalized surfaces are not activated. Fig. 7 Numbers of adherent thrombocytes (left) and covered areas per thrombocyte (right) of hOG/hPG-functionalized PEI membranes in comparison to PEI-0, alkaline treated PEI-pH 11 and glycerol functionalized PEI membranes, determined in the static thrombocyte adhesion experiment (6 donors, n ¼ 3 samples each, median AE standard deviation).
binding. 42 Denite differences between the samples were observed when also evaluating the area covered per thrombocyte (Fig. 7, right) . The glycerol functionalized surfaces (including hOG, hPG and OG-OME functionalizations) resulted in much smaller covered areas, corresponding to a low state of activation of the thrombocytes, compared to PEI-0 and PEI-pH 11. This is a remarkable result in comparison to the previously studied OEG and PEG functionalized PEI membranes, on which thrombocytes were fully spread and were in higher activation states. 12 Generally, in biomedical applications, thrombocyte adhesion tends to be well tolerated if not accompanied by thrombocyte activation, and the low observed activation of adhering thrombocytes shown in the experiments is an important step in the direction of hemocompatible surfaces.
Furthermore, potential drawbacks that were reported for the application of OEG and PEG, 1 including instability at higher temperatures and oxidative conditions causing problems in fabrication and handling, degradation in vivo in the presence of enzymes, 43 which in some cases led to the formation of toxic metabolites, and formation of PEG-binding antibodies resulting in immunological responses 44 were overcome by applying glycerol structures as reported here.
Conclusions
The physicochemical analysis showed that the strategy to increase surface coverage and shielding of polyethers that had been graed to rough membranes by employing multivalent attachment of branched structures instead of linear molecules was successful, as shown for hOG and hPG. This is signicant, as it contradicts the established structure-activity relationships gained with smooth model surfaces. Protein adsorption not only of albumin but also of brinogen could be decreased with this surface functionalization. Interestingly, here we could also demonstrate that the multivalent hPG-OH attachment strongly reduced the activation of adhering thrombocytes. This could be observed by analyzing the area covered per thrombocyte as well as the protein distribution pattern determined in immunostaining experiments, although the absolute number of adhering thrombocytes did not change much compared to the already not strongly thrombogenic non-functionalized PEI surface. As the only hydrolyzable bond of hPG is the slowly hydrolyzing amide bond to the polymer backbone and the polyglycerols are more resistant to oxidation than PEGs, it is anticipated that the surface functionalization is stable in vitro and in vivo for a prolonged time. The presented strategy is an important step on the way to functional materials with a hemocompatible surface showing low protein adsorption, low thrombocyte adhesion, and low thrombocyte activation as needed for applications of biomaterials intra-and extracorporeally.
